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PREFACE

This report describes an analytical and experimental investigation of
rigid rotor dynamics conducted vith the cooperation of the NAGA langley
Research Center by the Lockheed-California Company. The proJram was
sponsored by the U.S. Army Trensportation Research Commnd, Fort Eustis,
Virginia, under the technical monitorship of Messrs. J.E. Yeates and
R.D. Powell.

The program began in April 1962 and wvas completed in June 19A3. NASA
personnel associated vith the program included Messrs. F. Custafson,
J. Ward, R. Houston, and R. Bennett. The Lockheed personnel included
Mesers. I. Culver, L. Celniker, T. Hanson, J. Kanno, S. lundgren,

R. Donham, and S. Kiser. The Lockheed portion of the prcoram was
directed by Mr. P.W, Theriauit, Assistant Chief Engineer, Advanced
Systems Research.

Thanks are due to TRECOM and the NASA langley Research Center for the!r
support in providing the wind tunnel facilities for the experimental
parts of the program and for their help and advice in planning and con-
ducting the progrem.
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& SUMMARY

This report describes an investigation of the effects of variations in
design parameters on the dynamic characteristics of cantilever blade
or "rigid" rotors.

Some fundamental concepts of rigid rotor d/namics including decoupling
are presented, a3 wvell as a 10-degree-cf-freedom rotor stability analy-
8is in hovering and a brief study of the static stability of the model.

A dynamic helicopter wind tunnel model having a 10-foot rotor diameter
was constructed with three sets of blades and a hub vhich allowed many
variations in geometry and st‘ffness. Seven rotor configurations were
tested in the NASA langley Full Scale Tunnel (FST), and two of these
wvere tested to higher spceds and full scale Reymolds number and Mach
number in the NASA langley Transonic Dynamics Tunnel (TDT).

The model and rotors and the testing technique are described, and all
the data collected are included. Only thoyse portions of the data which
appeared to be of particular {nterest are reduced and presented.

A principal focus of the program wvas the decoupled, or "matched blade”,
type of rigid rotor. It wvas demonstrated to similated air speeds on
the order of 240 miles per hour that this type of rotor is stable wit'
extremely small values of control gyro inertia. In addition, it was
found that blade matching has a ma‘or influernce »n chordvise oscillating
blade loads. Figures ) and 2 show that first (cant!{lever bending) mode
matched blade chord loads are about ocne-third as large as those for
coupled or chord-stiff tlades and that chord loads for all-mode-matched
bYlades are only about one-tenth as great as for coupled blades. These
approximate ratios apply over the entire range of forward velocities
tested. The alphadbetic designations on these figures are the test con-
figuration identifications.
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IT. CONCLUSTONS AND RECOMMENDATIONS

ROTOR LOADS

Blade drag link oscillating loads (chordwise bending at approximately
10 per cent redius) are summarizcd in Pigures 1 and 2. These have
been scaled for the simulated vehicle from the model results given in
Pigures 31 and 33 for the configurations listed in Table 3, Page S59.

Configurations "A" and "B"' were coupled or chord-stiff rotors with 0°
twist and -8° twist respectively, and they showed the highest chord
loads, by far, of all the configurations tested. Configuration "'E"
wvas the fidberglass blade configuration vhere an attespt vas made to
achieve an all-mode-matched or decoupled blade by matching the flap-
wvise and chordvise blade stif”ness, inch by inch, along the span cf
the dlade. This configuration showed, by far, the lowerst chord
loads, vhich were or the order of 10 per cent as large as for the
coupled blades. All the other configurations were matched only in
their first mode or cantilever bending stiffness by the insertion of a
soft drag link at the root of an othervise chord-stiff blade. These
firest-mode-mtched rotor's showved chord loads about one-third as large
as for the coupled or chord-stiff blades and about two or three times
larger than for the all-mode-matched blades. From this it can be
concluded that blade matching, involving reduced chord stiffness, is a
powerful tool for reducing the chordvise loads generated in the blades
(and subsequently fed into the helicopter).

Blade-to-gyro pitch link oscillating loads (blade root feathering
torsion) are summarized in Pigures 32 and 33 for the configurat ions
listed in Table 3. The large magnitude of the oscillating pitch link
load (which {s primarily a steedy gyro trim moment in the non-rotating
part of the control system) was not anticipated. BExamination of the
oscillograph records shoved a phase difference of about 90° (310’)
between the point of maximm link load and the point of maximm
feathering angle amplitude. This phasing indicated that the load was
principally a feathering friction or serodymamic damping type of load.
Purther examimation of the records showved that most of the torque
msasured at the pitch link wvas also present in the blade torsion
measuremsnt at redial station 22 and therefore must be generated in

the outboard portion of the blade. Equation 28 of Section IV gives

the blade feathering aerodymamic damping, vhich is showvn to be a
function of blade chord to the third powver and tip speed to the second
power. The results obtained vhen utilizing this equation to calculate
the theoretical first harmonic pitch link load due to aerodynamic damping
are shovn on the curves of Figure 6, Fage 25. In this figure, the measured
pitch 1link loads are compeared to the theoretical loads due to aerodynamic
damping for three rotor configurations, and it is seen that most of the




pitch link load is aerodynamic damping. Additional damping due to
friction in the feathering bearings or in the rotating part of the
control system would tend to displace the theory curves vertically into
even better agreement with the data. Figure 6 also shows a scatter
band for data from the same configuration of as much as 10 pounds.

In the pitch link load summar, curve (Figure 32), all the data fall
wvithin a load band about 20 pounds in width. From Figure 6 it could be
inferred that 10 pounds of this band could be data scatter. 1In light
of the above situation, {t can only; be concluded that:

l. Most of the link load is due to aerod;mamic damping and is
primaril a function of tip speed to the second power and blade chord

cubed.

2. Slight diffcrences between pitch 1link loads for different
configurations cculd have been data scatter due to slight differeaces
in frictions, etc.

3. All data fall +within a fairly constant width band and there-
fore none of the configuration variations caused gross charges in the
basic pitch link load trend with velocity.

MODEL VIBRATION LEVELS

Unfortunately, velocity pickups of very wide frejuency range were used
to measure body vibration in the FST tests. These instruments recorded
a great deal of "hash" or vibration at very high freyuencies. A major
portion of this "hash” occurs at the first harmonic of the rotational
speed of the synchronous electric motors. This "hash” makes meaningful
reduction and analysis of the data very juestionable, Because of this,
the data 1is presented as peak-to-peak oicillations in velocity, with no
attempt to sort out meaningful harmonics. The problem is compounded by
the impossibility of achieving the same base level of vibration due to
rotor unbalance or maltrack on seven rotor configurations vhen as many
€8 three configurations were run in one day. For instarce, the glass
blade configuration shows high vibration levels which may reflect
nothing more than the difficulty that was experienced in achieving good
track with a set of blades trtat were extiemely soft in torsion. In the
FST tests, the body lateral was the only vibration pickup which showed
sufficient difference between configuration that ary meaningful inter-
pretation might be attempted. The twisted metal mrtched blade config-
uration with the low gyro inertia showed the lowest vibration. At 106/
miles per hour, the various matched, twisted blade configurations
showed lower vibration than the chord-stiff or unmatched rotors.




In the TDT, acceleromesters were used to record vibration rather than
velocity pickups and the results were somevhat more useful, although
once again the fre, uency range wvas vider than necessary and some "hash"”
was present. Again the "hash” shows strong first harmonic content of
the rotational speed of the synchronous electiric motors. Vibration
levels of the two matched blade configurations tested in the TDT are
rather high in hover, perhaps due to recirculation and wall effects
from hovering a 10-foot rotor in a 16- y i6-foot cross section. The
lateral and longitudinal vitration levels dropped slightly below the
hover vibration levels at 100 miles per hour and came back up to hover
vibration level at about 140 miles per hour. The vertical vibration
was at hovering level up to 100 miles per hour and began to rise uite
rapidly thereafter.

In both the FST and TDT tests, the second flap bending frejuencies of
the rotor bvlades vhich were tested were near 3P, This proximity in a
three-blade rotor system is certain to result in higher vibration
levels than would have bee.. measured had this characteristic been
designed out of the rotor system. Plots of the uncoupled blade bending
fre,uencizs versus rotor r.p.m. are given on pages L6 and L7, However,
since vibration in a helicopter body is simply the body response to the
oscillating loads generated by the rotor, it can be assumed that reduc-
tions in the oscillating loads generated by the rotor should yield an
improvement in helicopter vibration levels. It is believed, therefore,
thut the substantial reduction in oscillating chord loads demonstrated
by the matched bdlade rotor configurations represents a potential
improvement in helicopter vibration levels.

STABILITY

The stadbility investigation of the model in the freon tunnel presented
in Section IV wvas conducted as a safety msasure for the wind tunnel
program and is not directly applicable to the stability of a frce flicht
vehicle. The free flight vehicle will, in general, be rore statle thnn
the vind tunnel model. The model was, however, demonstr-ited to be
stable at simulated air speeds up to 24O miles per hour.

The dynamic stability of the blade gyro combination was investigated
analytically and is shown in Section IV to be satisfactory with
extremsly small values of gyro inertia for the matched Llade rotor.
This analysis vas verified experimentally wvhen tests to 2LO miles per
hour similated air speeds with very small gyro inertia values showed
no indication of any instability.



RECOMMENDATIONS

This program has shown that the matched blade or possibly reduced chord
stiffness type of rigid rotor has substantially lower gyro size and
much lower oscillating chordwise loads than the coupled (or chord-stiff)
type of rigid rotor. The matchcd rotor configurations tested were not
optirmum or even near optimum designs for two reasons. First, the
rejuirement for many types of geometry and stiffness variation re uired
rather unusual hub and blade designs. Second, the high solidity per
blade resulted in large blade chords and therefore very large aero-
dynamic control forces. A practical helicopter of such high solidity
would undoubtedly utilize a larger number of blades of smaller chord.
lowering the chord juickly reduces the level of blade stiffness far
below those tested in this program.

It 18 therefore recommended th: t additional test work be undertaken
wvith a matched blade configuration using an optimized production type
hud and blade design with a radius to chord ratio on the order of 1 in
place of the value of 8 used in this program. Solidities representative
of high-sp~ed rotor systems would then be achieved with additional
muroers of blades,




III. INTRODUCT ION

A revival of interest in recent years in the unique capabilities of the
"rigid" or cantilever blade rotor has created a need for a better under-
standing of the dymamics of this tyre of rotor.

Lockheed has been conducting a continuous program of analytical investi-
gation of rigid rotor dynamics since 1958. By 1961, a considerable body
of theory had been developed and a few basic configuration ideas had
been tested on the Lockheed CL-475 test bed helicopter in hovering and
lov-speed forward flight. Recognizing the high costs and risks involved
in exploratory dynamic testing into unknown areas on a full-scale flight
vehicle, Lockheed proposed to the U.S. Army Transportation Research
Command and the NASA Aerospace Mechanics Division a joint program of
wind tunnel testing of a 10-foot-diameter dynamic model of a rigid rotor
helicopter.

A dbroad program of testing was drawn up involving hovering testing and
"debugging"” of the model at Lockheed's Burbank plant, testing in air up
to similat~4 air speeds of 127 miles ver hour in the !ASA Tull Scale
Tunnel at Langley, and testing to full-scale Seynolds and 'ach mumbers
at air speeds up to 230 miles per hour by use of the Freon atmosphere
in the NASA Transonic NDynamics Tunnel at langley. Ficures 3 and L show
installation of the model in each tu nel., Variations in the following
parameters were included ‘n the prorrar:

a. Hub flapping stiffness

b. Blade first mode (cantilever) chord stiffness
¢. Blade chord stiffness distribution

d. Blade sweep angle

e. Control gyro inertia

f. Load factor

g. Rotor tip speed

h. Blade twist

i. Blade/gyro mechnaical ratio

Variations provided for but not tested were:

J. Gyro cant angle
k. Tip weight mass

The inclusion of this amount of variation capability in one basic hud
and gyro required a "mechano-set” approach to building up the various
configuretions and resmlted, unfortunately, in an serodynsmically rether
"dirty” (high dreg) hul area.
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FIGURE L4 MOIEL IN LANGLEY TRANSONIC DYNAMICS TUMNEL



The desire to carry the testing into areas of high Mach mumber and
advance ratios dictated a rotor solidi%y of .12.

One of the principal areas of interest in the program was the

"matched blade" configuration where the non-rotating blade chord
stiffness in the board ~f the feathering bearinrs is equal to the

flap stiffness in the same area. Analysis has shown that this

type of rigid rotor should have lower oscillating load inputs to the
hub, thereby resulting in lower vibration levels and lower blade stres
stresses, In addition, the matched blade appeared to be stable with a
much smaller gyro, thus reducing maneuver control forces and allowing
an aerodynaric clnan-up of the gyro. Hovering stability solutions
for the untwisted metal rotor for both the high in-plane and matched
blade systems with various gyro sizes predict this smaller gyro possi-
bility. These results are published in reference 3. 'hirl tower
experience with the CL-L75 rotor, a high in-plane system, had shown

a lower limit on gyro size as might he expected from the results of
the referenced analysis (Figure 5), The construction of matched
blades also appeared to offer the possibilities of preatly reduced
blade weights,

FIGURE 5 BURBANK WHIRL TEST
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Iv. ANALYTICAL CONSIDERATIONS

A study of the stability and control characteristics of a free -
feathering rigid rotor helicopter must consider all degrees of freedam
having frejuencies in the range below two per revolution. The Hossi-
bility ol high-fre juency rotcr tlade flutter is not considered here
since the general practice of mass balancing at least the outbhoard two-
thirds of the rotor blade at or neer the ;uarter chord virtually elim=
inates this from further consideration.

The fuselage, control g 7ro, and rotor disc make up a convenient concep-
tuali-ation of the system. The fuselage proviies a means of describing
the displacements and ..,ular motions of the helicopter and in partic-
ular, for the case of static behavior, the angle of attacv of the heli-
copter. The control gTo and the rotor disc provide convenient concep-
tualizatiors of the feathering motion and the flapping and in-plane
elastic deformations of the rotor bvlades, respectively. Cyclic flapping
of the blades depicts the pitch and roll of the rotor disc, while
collective flapping describes the vertical translation. Blade motions
in the plane of the rotor disc are consistent with collective and cyclic
in-plane motions.

The subse juent discussion is divided into three parts: (A) derivation
of control gyro ejuilibrium ejuations, showing effects of compli.nce
correction and elastic decoupling (matching) of rotor blades, and indi-
cation of salient factors influencing stability and control; (B) static
stability of the wind tunnel model; and (C) analysis of dynamic stabil-
i¢y in hovering.

(A) CONTROL GYRO BQUILIPRIUM EQUATION

It is postulated that moment inputs into the control gyro result from
feathering and elastic deformation of the btlades. F . hermore, the
linkage between the blades and the control gmrTo is such that moments
about the blade feathering axis arc reacted by the control gTo. All
other moments developed in the blade system are reacted by the rotor
mast. The linxage which transmits the moment into the control gyro is
described in terms of the cant angle, defined as the ar{rut* angle
between the blade ferthering axis nnd {ts attachment poirnt to the
control @oro; and _he gear ratio, defiucd as the ratio of blade feather-
ing angle to control gyro angle. OJubse uent discussion of the con:rol
&To e;uilibrium e juation is divided into (1) moments resulting from
blade feathering motion and (.) g rTo moments resulting from =lastic
deformation of the “lades.




(.) MOMENTS RESULTING FROM BLADC FEATHERING MOTION

The moments on the control gyro resulting from blade feathering are
determined using the schematic model depicted in Sketch 1.

SKETCH 1

A rotor blade i1s at an azimuth angle W 1in the x - y plane of the x, y,
z coordinates system fixed in space. An element of mass, dm, of the
blade with p , @ , T coordinates will have the following coordinates in
the x, y, z plane:

+
b3

x-Pcos* g siny

y =P sin V¥ x' cosW¥

(1)
z=0sinf + T cos 8

vhere x' =@ cos§ -t sin @
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Therefore,

x= P cos¥ + o csb siny - v sin@ sin ¢
y= P sin¥ - o -»8 oW + v 8inf -os W ()
z = o s8inf + v o888 .

The rates of motion of dm {n the x, y, z planes are found by differen-
tiating equation (. ),giving

X = -p¥ einy -08 sinfh sinysoy o8l cosy -8 cos@ sin¥
-f*. 8inf cosy

y = PV cos +08 stnl cosp+ oW cosl siny + v cos§ cos y(3)
-T¥ s1n@ einy

z = ob cosh -Ya sinf .
The kinetic energy, 4T, of the elemental mass, dm, is therefore
« D . .
dT-l/an(x‘+y2¢z?‘
2

-1/2 dm (p2 *2 + 0 é2 +¢2*2 cofa + r;’ é‘) + 72*2011129

. 5 (&)
’2P’*.é |1n8+2’f*'0 cos@-20v Y “s1nfcosh ) ,

which, after integration,will result in the total kinetic energy of the
blade.

The following nomenclature is adopted for inertial quantities:

[ff 02 dn = I.H (called the ™horitontal inertia”)

fff T € an = I, (called the "vertical {npertia”) (5)

[[[ pPem-1g.

Por a mass balanced blade, the products of inertia

ff prdm = fffrcdn - © (6)
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In order to provide for sweep of the mass axis of the blade relative to
the feathering axis,let

o= o' +ph, (1)

where o' is the distance of an elemental mass, dm, from the mass axis,
measured parallel to the chord ol the blade, and A s the sweep angle,

then
fff’cdm- fff(a' +pA ) dm = XYB . (8)

Therefore, in terms of equations (5) and (£),the total kinetic energy of
the blade, obtained by integration of equation (L), becomes

T-1/2 |1g vor 8% e 1y Vo ocos“Be 1,8 + 1,¥° sin @

: (9)
+2) IB *9 stn8 |
The equation of motion of the blade {n the 8 direction can be derived
using lagrange's equation in the form
L (&3 aT
T - 2. 9 (10)
EX ) 3

vhere % {8 the sum of generalized external forces and forcee derivable
from potential and dissipative functions, and vill be expressed in the
following manner:

2
Rp
Ry kel 8 - Oé . (1)

wiro

Qe - "9 - ka +

M wvill denote net reactive forces at the root of the blade,and the

hs.nnce of Q@ will be assumed to be expressible in terms of spring and
damping terms as indicated in the last two terms of Equation (11). For
the sake of brevity,the second term of Equation (11) will be referred to

uuae é
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{nc-e the rotational speed of the bviade is ~onstant, ¥ = {1 an: ¥
s » that kquations ', 1J0) and 11 esult {n

:H + L‘. )é + !ZH - ',‘, 1 stnf -cef

».'09 0109 -Me_ 1

Employing small angle assumptions such that 8tnd - 0 and 88 - 19
tquation (1. ) ylelds

eI ¢ (-1 6 g8 g8 Mg . 13

In terms of cyclic feathering expresseu as

- - G @ coo(*')')

g g

8- Rs 8 _¥ sin &or)-Rs 8.0 stn ¥ + 7 ) (14)
[ e [

]

6- Rs 8 n?coc (s y )
R; 8

vhere 88 1s the pitch angle of the control gmTou, Fquaticn 13) ylelds

, R, R,
'.8"1\10‘)§§ og cos "4)’)0{01“—‘?0 Og sin *o)ﬂ-la o (1)
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The resolution of rolling and pitching moments 1{.e., L and ' applted
to the control gyro by a single blade, as rni.own in aket elds

v
3 ‘R " H
l.&l - -KBR—B sin th-‘g (ig ’{vﬂ 9’. sin ey cos ey - 8 H-N nq L1 ey
R R B
M - _'%_G cos(&#)’)-”—c)‘)‘ke-i’I‘ﬂ 8 cos W+ Y‘-f‘e ?(J "l 6 Binyey - oa ey
) Rp Rp ® i d

) . 3 ‘
- (i)‘ (“b - “L',ﬂ‘ ) 88 Z sin (W +Yy+ ; 1) com yeye —-‘L£
{i=

3
R
G2 P S 4
-f (=) 8 E sin’ (y +)y+ —1 .
O Ty = b ’ :
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3
R, . v
= (=) ( - 21 ) cos = )
HB Ka N ﬂ 8!; Z (o] w.§7+ .T.i
1=l
R, 3 .
_:‘e u-;\ ﬂag Z sin b+ Y+ _3_.1) o (WY +=—1) .

Through the trigonometric {dentitles,

3 3
> ow
Z T Y+ }-—i) = Z sin” (Yy+Y+ "Ti)=;
1=1 1=1
3 (18)
Z cos (W+7+ %1) sin (W+Y+ -;31- 1) =0,
1=1
tquation (17) can be simplified as follows:
R
(‘ >
L =-2¢ -)" 8
g < ‘g (R‘B) a2 g
3 Raye n°
M = 3 —_— Uk -2 - 19
g 2 (@) 8§ (kg - on, B9 (19)
In terms of the roll angle, ¢g’ of the control gyro, one can also write
Rf‘
=~ ‘8 (h;) sin (y+7Y), (20)

which =ezult:- in

Rs\2 o
b -3 ("‘E bg (xg -en D) (21)
4, =) Q¢

f.)'_y

-
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(2) GYRO MOMENTS RESULTING FROM ELASTIC DEFORMAT JON OF THE BLAIES

In addition to feathering motion, flapping deformation, f§ ,, cutboard
of the featherirg bearing (see Reference 3 for details) of the blade
and in-plane defo:'wmtion of the blade, ¢ , also result in maments
adbout the blade feathering axis vhich are transmitted to the control
€ro. The geomatrical considerations vhich lead to these moments are
presented in Sketch 3 on Page 19. [he rotor blade 1s shown vith the
e)astic axis swept forward by an angle » vith respect to the
feathering axis. The blade 1is then deforwed in an in-plane direction
through an angle ¢ . The moment necessary to provide this deformation
18k ,* where k¢ is the in-plane stiffness of the blade. The bdlade
is then deformed in a flapping direction through au angle S, . The
acment necessary to produce this deformation ilk&g B, vhere kﬂ is
the flapping stiffness of the dlasdle outboard of feathering 9
bearing. These deformations result in two orthogonal moments, kg B,
and k., sin B, , ir the plane of the feathering axis. The resulfant
of these moments adout the feathering axis is

o kBBO sin( A -« ) + ke sinfB cs( X -« ), (22)
()

Using & Taylor's series expansion, Bo «f, + FO , ¢ =sE + ¢ where
B, » E are displacements due to static loads, and retaining only first
ofder terus, Equation (22) becamss

i .M 7 LR
Mg (@ » By ) Mg (E,Dg ) 2B, B, S
(<3)
Bg »E Bg | +E

- (sin A cusE-cos A 8in E)
Bo

+ kg E cos By (cus A cos E + sin A sin E)]Bo’ [-KBOBO (coshcos E +

sin A sin E) +KgE sin By (8i1. X cos E - cus A sin E) + ke sin By (c.5X cos E

sin N\ sin E)]; .




m-ll"

€

o

e
I

EE
Me = KB.B° sin (A\—-€)

+ Kg€sin B,cos(A-€)

7 :
\K/}\{ KBOB.sm B.

_——Feathering Axis

SKETCH 3
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For small-angle assumption and ignoring second order terus, Equation
(23)simplifies into

Mg .kﬁxﬁo -Eéo(kBo-k( ) - B, ?(;;Bo -2

0

) 2 $E

€

The first term on the r.yht hand side ot Equation (:4) is the compliance
correction and results tror blade sweep. The second and third terus
are the elartic coupliig termms which disappear from elastically

matched blades,

Flapping and in-plane bending deformations can be expressed in tervrs
of rotor disc rmll and longitudinal displacement of rotor blades in
the rotor disc as folluws:

Bl Bl
° . (25)

While, in terr.s of rctur disc pitch and lateral displacement of rotor
blades in tne rotor disec,

Bo

u

o#)dsin 'Z

€

-r3cos¢/,

So that after considerations similar to Equations (1l4) through (21),
the total moment inputs into the control gyro inclusive of Equations
«19) and (1) becomes
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Lg| o | !‘Cosr sin ¥ | | ¢,
l = 3 [— )1{kp A=Elkp =k >}
M 2 \m. /{B° \'3° ‘ l\-Sm Yy Cos Y Gd

3 f_§. (27)
+2 R 2
Cos ¥ SinY r
3 [ | \1 ‘] ‘
*+*2\ma /4B ("Bo“‘e/n |
‘ J -Sin Y Cos 7_1 ry
Rf-

R
where M A = TB and @ = (sketch 2, page 16).

Cos Y

The term associated with kBO)\ in these equations is called compliance

correction. Any tilt of the rotor disc,¢d and/or 9d , relative to the mast

results in moments on the control gyro vhich precess the gyro and results
in cyclic feathering to eliminate the aerodynamic unbalance. The effect
of the compliance correction, therefore, is to afford the combined rotor
disc-gyTo system self responsive corrections to applied external loads.

When the stiff in-plane rigid rotor system is used (kg >kB°) there is a

reduction in the effective campliance correction due to the additional term
involving (kBo— K ¢ ). Por the matched blade system k¢ = kBo » vhich

eliminates this additional term, thereby maintaining the level of campliance
correction;but in addition this decouples in-plane motion imputs to the gyro
control.
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(B) STATIC STABILITY OF THE WIND TUNNEL MODEL

The static stadbility of a wind tunnel model is not the same as the
stability of the full scale vehicle since the model is restrained in
several degrees of freedom. VWhile an unrestrained helicopter can be
very stable in forward flight, a wind tunnel model can be unstable.

The following factors contribute to the static stability of a model:

l. Inherent stability characteristics such as compliance
correction

2. Model support springs
3. Aerodynamic statilization from a horizontal tail.

Destabilizing are:

1. Basic rotor pitch instability in rbsence of corrective
feathering from control gyro

2. Acrodynamic drag of the rotor and hud
3. Aerodynami~ moment of the fuselage

The relatively light model support springs that were used gave suffi-
cient pitch stiffness to provide static stability ¢ven with the control
&ro locked out. e Te e

The determination of the static rotor stability characteristics were
preceded:

l. by selection of significant flight conditions and
2. by the calculations of the stability derivatives.

Application of the classical peiformance method of Rsferences 4, 5, and
6 provide load factor versus velocity data for the blade stall bound-
aries. These data aided in selecting collective pitch, advance ratio,
and inflov ratio cambinations for reference flight conditions with the
retreating blade tip operating unstalled, at incipient stall, or in
well-developed stall. The NASA analysis, "Aerodynamic Characteristics
of Lifting Rotors", as evolved from References 7 and 8, is subsequently
apprlied to obtain the stability derivatives.

The derivatic: of the control gyro equilidbrium ejuations, showving
effects of compliance correction and elastic decoupling (matching) of
rotor blades, is given in Part A of this section. These results show
that a free-feathering gyro control can affect the rotor disc contridb-
ution to the static stability of the helicopter. It should oe noted
that a rigid rotor without frer-feathering capability and compliance
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correction or autamatic control vill provide a large destabilizing
contribution to the longitudinal stadbility of the helicopter. The
remaining contributions to static longitudinal stability will result
from rotor thrust variation witl angle of attack (with the c.g. aft of
the thrust axis), rotor drag variation vith angle of attack (with the
rotor above the c.g.), moment contributions of the fuselage, horizontal
tail forces producing body pitching maments, and reaction forces from
the support system in the case of our model (see page ..5).

The analysis made on a simple five-degree-of-freedom dec_:ription for the
gyro-free case showed that the nodel vas statically stable for the con-
figuration analyzed. These solutions,carried only to 1) miles per hour,
are not presented since more significant results can be obtained
directly from the test data.

The test results shov th.at all configurations tested in the full-scale
tunnel tests with the control gyro locked or free were statically
stable. Since the spring rate >f the rodel support was known to be 46k
in-1bs/degree, a measure of the static stability of these configurations

has been obtained.

Transonic dynamics turnnel tests wvere made vith the gyro control free with
the same support spring rate of L6L in-lbs/degree for C igurations A
through L. Model support springs vere changed for Con. juration M to
larger values as shown in Figure 13, page 45, to reduce observed response
amplitudes of the model. While testing Configuration M at a simulated
speed of 240 miles per hour, the electromechanical actuator used to
position the model pitching attitude parted, thus leaving the model
completely free in pit.h (see page 65). The model began to pitch nose

up very slowly, wvhich subsequently led to failure of the model support.
This test result shovs that this configuration wvas slightly statically
unstable at this speed in the absence of some pitch stiffness from the
model support.

In sumary, the static stability of the test conriguretions wvas not a
serious problem area. It is possidle to mechanically support the model
with limit stops vhich unload the rotor wvhen contacted. Such a support
was utilized in the TDT tests; however, warning lights indicated that
the stops had not contacted during the test runs.

Further examination of equation (27) shows that the feathering bearing
friction term permits an equilidbrium position for the control gyro wvith
an aerodynamic unbalance on the rotor disc. The magnitude of this un-
stable contribution will be deteruined by the relative magnitudes of the
compliance correction and the feathering bearing friction.

The large magnitude of the oscillating pitch link load (vhich is primarily
e steady gyro trim moment in the non-roteting part of the control system),
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which is summarized in Figures 32 and 33,was not anticipated, Exan-
ination of the oscillogreph records showed a phase difference of about
90° (+ 10°) between the point of maximum link load and the point of
maximum feathering angle amplitude. This phasing indicated that the
load was principally a feathering friction or aerodynamic damping-in-
feathering type of load. Further examination of the records showed
that most of the torgque measured at the pitch link was also present
in the blade torsion measurement at radial station 22 and, therefore,
must be generated in the outboard portion of the blade.

Aerodynamic danping due to feathering velocity is by theory given
by the following expression

\ , 1 (c, . C RA
Q'Cs{%<cmq+cnd)+3< Ly + L.q> -
L

/

© @©.
I
niw

(28)

The effective A's obtained with the rotor rotating were used in the
above expression for several configurations to calculate the theoretical
aerodynamic feathering damping moment for comparison with test results.
This comparison is shown on Figure 6, Page 25 of this report.
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(", DYNAMIC JTABILITY ANALYSIS, HOVERING

In part A of this section, the ejuilibrium e;uations for the control
gyro wvere derived, For the more complete description of the helicopter
stability, the equilidrium equations for the fuselage, rotor disc,
motions in the rotor disc, as well as the control gyro have to be con-
sidered. For this purpose, a lh-degree-of-freedom stadbility system wvas
programmed on the IBM 7090 (Reference 2). If it is assumed that the
fuselage is rigid vith its c.g. located at the rotor center line, the
stability system car be troken dowvm into a li—deyree-of-freedom collective
set and a 10-degree-of-reedom cyclic set of stability equations. This
assunption of an uncoupled collective - cyclic system vas made vhen
investigating the dynamic stability in hovering of these model rotors.
The collective set of equations includes effects of vertical translation
of the fuselage, collective first elastic flapvise bending (i.e., all
blades move up or down simultaneously). collective first elastic in-
plane berding, and vertical translation of the control gyro. The cyclic
set of ejuations includes effects of longitudinal a.ad lateral transla-
tions of the fuselage, pitch 2nd roll of the same, pitch and roll of the
control gyro, pitch and roll of the rotor disc (i.e., cyclic first
elastic flapwise bending), and longitudinal and lateral displacements of
the blades in the rotor disc (i.e., cyclic first elastic in-plane bend-
ing). The coordinates and basic equations in matrix form of the 1lk-
degree-of-freedom hovering stability program of Reference 2 are reported
on pages 28 - .

The collective set of equations seldom causes instability since, in
neral, the stiffnese in the collective feathering degree of freedom
?:.e., translation of the gyro) is very large, hence, preventing it from
coupling vith fuselage translation. ™herefore, only the cyclic stabil-

ity problem has been investigated herein.

The IBM program considers effects of large deflection on the mechanical
teras, vhereas the aerodynamic inputs are based on small angle strip-
theory assumptions in hovering. The paramstric variations include hud
stiffness, drag link stiffness, control gyro mass moment of inertia,
control gyro damping, blade sweep, load factor, and rotor XP4. Since
the model in air or freon is scaled to the same full-scale wvehicle, no
distinction has to be made in the analysis for different test media.
Furthermore, since only *he first mode flapwvise and in-plane bendings
are considered, the effect of blade tvist has hot bdeen investigated
(1.e., twist merely means a change of collective pitch to match the
selected load factor).

The basic data used in the analysis are presented in Reference 3. For
convenience, the results of the analysis vith comments are summrized in
Table 2. As can be seen from it, the test configurations are stable for
the entire test program except for the very lov to marginally damped
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in-plane bending modes, which essentially are due to the exclusion of
the structural damping involved in the in-plane bending modes and the
undamped body roll response mode in the hard hub, hard drag link,

and lov gyro inertia configuration. The latter configuration was not

tested.
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The inertial - structural clcments of the equations of motion of the
rotor and svashplatc combination with the control input of the svashpnlate
rigidly attached to the rigid body coordinates of the combined configuration.

Tvo independent scts of elements in terms of generalized non-rotating
coordinates of which the generalized displacements are:

A. The Cyclic Set

Cartcsian components, perpendicular to the rotor
shaft, of the translational digplacemcnt of the

>
(o
"

rotor hub.
pc, Gc s Cartesian camponents of the angular displacercnt
(roll, pitch) of the combined configuration-rotor,
swashplate, and interconnccting shaft and liniagze.
Dg, Gc s Cartesian components of the relative angular

displaccrment (roll, pitch) of the swashplate.

Cyclic cartesian camponents depicting fundamcntal
blade flapping displacements.

&% )

r. (nr)

2’ T3 s Cyclic cartesian components depicting fundamental

blade in-plane bending displacements.

B. The Collective Sct

2 s The vertical camponent - i.e., in the direction of the rotor
shaft - of the translational displacement of the rotor hub.

2 s The reclative vertical displacement of the swvashplate.

Collective camponent depicting fundamental blade flapping
displacements.

o
[
"

1 “ollective componcnt depicting fundamental blade in-plane
~~ading displacements.

The relative physicw: .displacemenu - i.e., feathering, flapping, and in-plane
beniing angular displicements - of the individual blades are:
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The ~“quation of Motion

(I the following equations, terns Of the differential equation are relatsd to the
basic properties of the rutur syster by & systeizatic sequence of abbreviations)

A. The Cyecliz et (1) Generalized Displacements)

) )+ L] )~ LT =) = ol

A ||t A % A% A
x| & &

e, O 6.
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5 8 8

T ] 3
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B. The Collcctive Set (+ Seneralized Displacements)

3! g el =
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|r\. "‘, r\
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Filgure 7 Definition of Non-Rotating Coordinate Systenm
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Table 1. Summary of Predicted Cyclic Hovering Stability (

for the Untwisted Metal Blade Air Tunnel Configt

- Control Control -

Blade Gyro Gyro

Hub Drag Link Sweep Inertia Damping Load Rotor
Stiffness Stiffness (Deg) (Slug-Ft2) (Ft-Lbs-Sec) Factor RPM
Hard Hard 255 0.050 1.160 Change 1055
Hard Hard 1.5 0,005 1.160 Change 1055
Hard Sof¢ 1.5 00,0125 1.160 Change 1055
Hard Sc* 1.5 0,005 1,160 Change 1055
Soft S 1.5 0,012% 1,160 Change 1055
Soft Soft 6,58 0.,0125 1,160 Change 105%
Hard soft 1.5 Change 1,160 1.0 1us
Hard Soft Change 0,0125 1,160 1,0 1055
Hard Soft 1.5 0,0125 Change 30 1055

Hard Soft 1.5 0.,0125 1,100 1.0 Chanse

Hard Soft 1,5 0,0125 1.160 Change Change

Hard Soft B 0,0125 1.160 Change Change

®* Spring rate of body support

system was included in the analysis,




*
\aracteristics of the Rotor Fuselage Free Body Combination

‘ation

Remarks

With the exception of marginally stable 0,28/rev and 2,37/rev inplane
bending modes, the configuratior is stable.

Body roll response mode is becoming unstable at high load factors, Both
high and low inplane bending modes are unst.ble, Thi¢« configuration {s
not tested,

The configur ation is stable,

The configuration is stable,

Slightly unstable 0,0b/rev body pitch and 0,2”/rev inplane bending modes.

A change in blade sweep to 6,58° stabilizes the body pitch modes but
leaves the inplane bending mode slightly unstable,

The configuration is stable for either control gyro inertia, 0.005 or
0,200 slugs-ft?.

The configuration .s stable for both 3° and 6° blade sweep. Larger blade
sweep makes the body mode stable,

Zero damping configuration has a slightly unstable 1.85/rev inplane

bending mode. 3 x nominal damping also makes the 0,17/rev body pitch
mode slightly unstable,

Analysis from 620 RPM to 1320 RPM shows no instability,
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V. DESCRIPTION OF TEST ARTICLE

A. MODEL DESCRIPTION

The model as shown in Figures 3 and 4 has a single 10-foot-diameter main
rotor, no tail rotor, and a body shaved and sized to represent a one-
third scale model of a 3000- to 4000-pound class helicopter.

The skeleton or inertia frame of the model is a very stiff welded struc-
ture of 1/b-inch steel plate. This frame is attached to an internal
base plate structure through a system of springs such that the model has
five degrees of freedom with respect to the base. The spring rates and
travels given in Reference 3 are nominal values and can be varied by
changing the springs and stops in the model. A pneumatic "eaging" cyl-
inder mounted between the model frame and the base plate permits the
model operator to lock the model to the base in an emergency. Rotor
torque reaction is transmitted from the model to the base by a couple
consisting of a lateral force through the lateral springs near the model
c.g. and an opposite lateral force near the end of the tail boom which
is reacted by a long arm inside the body that attaches to the base plate.
A schematic of this system is shown in Figure 13.

The rotor s driven through a two-stage transmission system by three
variable-frejuency, water-cooled, 38-horsepover synchronous electric
motors. The motors drive a common large sprocket wheel through individ-
ual timing belts for a 3:1 speed reduction. An ll-tooth chain drive
sprocket on the lower end of the jack shaft drives, through a roller
chain, a large sprocket on the lowver end of the rotor shaft. By chang-
ing this large sprocket, reductions of 5.4A:1 or 2.73:1 can be achieved
in the chain drive stage. The model drive system is designed for 0
continuous horsepover maximum.

The mass c.g. locations and pitch and roll moments of inertia of the
model can be varied by attaching as much as 250 pounds of ballast to
pads provided on the inertia frame.

The pitching attitude of the base plate inside the model(and thus the
pitching attitude of the model) can be varied by the model operator
through the use of an electrcmechanical actuation in the model from
about 13° nose down to about 8° nose up.

The swashplate and integral gyro are mounted on the rotor shaft immedi-
ately belov the rotor. An electromechanical actuator is provided to
control collective pitch, and two low-pressure air cylinders are
installed to allow the model operator to apply pitch and roll trim
forces to the gyro bty modulating the pressure in the cylinders with
pressure regulators mounted on the console. A switch on the model
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operator's console connected to a solenoid friction brake allows the
operator to lock the gyro position. A fiberglass and sheet aluminum
body shell covers the model and includes a fixed horizontal tail surface
of 20 inches span and 7.55 inches chord positioned to neutralize the
body pitching moments. The body shell is attached to the inertia frame.

The rotors tested were all three-blade, 7.55-inch constant chord, 10-foot
diamster, with NASA 0012 airfoil sections. The hub used for all tests
was of the Lockheed "rigid" or cantilever bending type with no flap and
lag hinges. The feathering bearings were the "caged" roller type. The
hub and gyro are shcwn in Figures 1C and 12. The hub is a single piece of
steel having a thin, flat center section branching out into three cylin-
drical spindles. The thin section serves to concentrate flapping
deflections inboard of the feathering bearings in an area close “o the
pitch link attachment, so that blade flapping does not couple with blade
feathering. Section IV of this report includes a derivation of the
relationships betveen blade flap bending outboard of the feathering
bearings and blade feathering moment, which will further clarify this
statement. Flapping stiffness in this area can be increased by sand-
wiching the flat hub center section between two plates vhich act as
cantilever springs. A fork fitting with a vertical pivot bolt transmits
flap bending from the blade into the feathering bearing housing while
permitting lag motion. This lag motion is restrained by a "C" shaped
drag link. In the course of the program, four sets of drag links wvere
built with different stiffnesses. Thus blade first mode chord stiffness
could be varied by changing these drag links. The two sets of drag links
vi.ich were used in the wind tunnel test program resulted in in-plane
bending frejquencies of .7p and 1.2p at rotor design »Pt ., as shown in
Figures 14 and 15. Blade centrifugal loads bypass the feathering bear-
ing housing and ore carried by a multistrap, tension-torsion bundle
attached inside the blade and to the outboard ends of the hub spindles.

Tvo different types of blade construction were used. Typical cross sec-
tions are saown in Figures 8 and 9. The fiberglass blade wvas an attempt
to achieve elastic and chordwise EI matching all elong the blade. To
achieve this, a steel "I" beam spar was designed to provide approximately
0 per cent of the desired flap stiffness. This spar was slipped into
(but not fastened to) a molded fiberglass "D" spar which composed the
leading 30 per cent cf the blade and provided the remmining 10 per cent
of the flap stiffness and almost all of the chord stiffness. Blade
leading edge ballast was installed in the form of lead shot molded in
epoxy to the fiberglass. The trailing edge 70 per cent consisted of
polyurethane foam covered vith fiberglass. The fiberglass blades were
built only in the untwisted configuration and vere tested only in air in
the speed range up to 106 miles per hour.

The aluminum blades were built vith the same construction in zero twist
and -"°twist configurations. The aluminum blades had essentially the



same flapping stiffness as the fiberglass blades. However, the chord
stiffness of the aluminum blades was very high, and they could de
"matched”" to their flap stiffness only in the first mode by use of very
soft drag links. The leading edge ballast was removable and wvas changed
to achieve the proper scaling of blade mass and feathering inertia vhen
the blades were converted from the air test configuration to the freon
test configuration. Tungsten vire was used as ballast in the form of a
trapped (but not bonded) bundle fastened only at the blade root in order
to schieve the proper blade mass ratic and c.g. location without affect-
ing the chord or flap stiffnesses of the b.iade structure. The insertion
of tungsten ballast at the trailing edge was necessary to achieve suffi-
cient feathering inertia for the freon test case.

B. MDODEL PROPERTIES AND SIMULATION

The physical properties of the model and rotors are given in Table 1.
This type of generalized model testing can be scaled to any size that is
of interest. However, the particular, simulated full-scale vehicle that
was used as a scaling and design reference in order to insure that the
model design represented a realistic configuration is shown with the
applicable scale factors in Table 1. The drag link stiffnesses, blade
EI, mass distribution, geometry, and other pertinent basic data for the
configurations tested are given in Reference 3.

It vas desired to simulate the full-scale aerodynamic and dynamic situa-
tion of a helicopter rotor as closely as possible. To scale the aero-
dynamic effects, it wvas considered necessary to match Reynolds number,
Mach number, dynamic pressures, geometry, and angles. This means that
the aerodynamic coefficients are matched. Velocity scaling is thus intro-
duced in going from air to freon as the test medium. Since aerodynamic
forces are the product of aerodynamic coefficients, dynamic pressure,and
model areas, these forces vary only wvith the areas or the geomstric scale
factor squared.

To maintain dynamic similitude, it wvas necessary to hold the retio of
inertial forces to aerodynamic forces. An excellent example of this re-
lationship can be observed in the coning angle vhich is the ratio of the
aerodynamic blade lift force to the blade centrifugal force, vhen neg-
lecting structural stiffness. The centrifugal "stiffuses” forces and the
structural stiffness levels must therefore be in the same retio as full-
scale levels to insure dynamic eimilitude. Blade 1ift is a function of
fluid density and rotational speed squared, and centrifugal force is a
function of blade mass and rotatiomal speed squared. Thus masses must
change by the same ratio as do the fluid densities of the test medium.
In other vords, Rinetic energy ratios between dynar'c and serodynamic
phencmena are held constant. This also msans that the ratios of blade
operating frequencies to natural frequencies are maintained providing
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the elastic properties of the blades are not changed in the process of
changing the mass.,

If the simulated vehicle is compared with the model in freon, it can be
shown that the full-scale effects of Mach number and Reynolds number have
been exactly matched. Further, the Strouhal number is matched, which,
restated, means that the reduced frequency is matched and therefore the
full-scale dynamic effects are represented. These properties combined in

one model, including forward flight, are probably unijue in helicopter
technoloygy.

Froude number, however, is not matched by the present s-~alinz. This
parameter may be i{nterpreted in this case as a ratio of vehicle kinetic
energy to sowntial energy. Therefore, model height loss to speed
gained is not scaled to the full-scale vehicle. This has an effect on
the lov-frejuency stability of a vehicle in free flight. However, the
spring rate and limited travel of the support system impose added re-
strictions on the investigation of this area; therefore, model results in
this particular area are of limited use.
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TABLE 2 MODEL PROPERTIES AND SIMULATION

| Stmulated | M Pactor .- Factor
Vehicle Ax A;x: Freon ?rign
;mber of bliades 3 3 1 3 1
Emade Chord (ft) 1.867 .629 -337 .629] .337
Rotor Diameter (ft) 29.7 10 «337 10 .337
|Solidity | .12 d2 | 1 12 (1
'Pitch Inertia (slug-f£t2) | 1990 11.5 .00579 | 38.9  .0195
Roll Tnertia (slug-ft?) } 326 - | . 00644 6.4 | .0195
‘Mass (1b) ) 3000 286 .0954(1 ) 518 1726
'Rotor Lift (1b) | 3000 314 .105 314 .105
Disc Loading (1b/ft°) 433 4.00 .925 400 .925
Altitude/Temperature E 60001't/95°F| Std.Day - 110°F -
Density (slugs/ft3) .001783| .002378 | 1.334 .0080 |k.49
Speed of Sound (ft/sec) 1158 1118 .966 525 453
Velocity (ft/sec) - - .832 - 453
T4ip Speed (ft/sec) -; 666 554 .832 302 453
Rotor R™M 428 1055 2.47 576 1.348
Force | - - .105 - .105
Moment - - 0353 - .0353
iAcceleration - - 2.055 - .61
i(l) Wwhen tested in air, the pitch and roll inertias are simulated, but
g there is a discrepancy in model weight simulation. Therefore, full
; scale acceleration = 2—é—55 x 286 x measured accelerations.
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C.  INSTRUMENTATION

The instrumentation used in this program falls into two basic categories.

1. Model situation display instrumentation wvas necessary so that the
model operators could monitor and set up the desired test condi-
tions. In each tunnel, the flov conditions such as "q", density,
and temperature vere taken from tunnel instrumentation. Rotor
BRY wvas displayed on an electronic pulse counter fed by a sta-
tiomary magnetic pickup set close to a rotating miltitooth gear
on the model drive jack shaft. The number of teeth on the gear
vas made such that A0 pulses were generated per rotor revolutien,
and thus the counter read directly in M. Model motor temper-
atures wvere taken from thermocouples built into the motors and
printed out continuously on a Browvn temperature recorder,
Current, voltage, and cycles-per-second meters and the necessary
controls for the current fed to the model motors were contained
in a mode! operetor's console vhich was part Of the NASA-supplied
variadble-frequency power<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>